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density (Baude et al., 1993; Lujan et al., 1996; Nusser
et al., 1994; Petralia et al., 1997). MGluRs at PF synapses
give rise to a slow phase of the excitatory postsynaptic
current (Batchelor et al., 1994; Brasnjo and Otis, 2001;
Hirono et al., 1998; Reichelt and Knopfel, 2002; Tempia
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Los Angeles, California 90095 et al., 1998) and trigger intracellular calcium release from
IP3-sensitive stores (Finch and Augustine, 1998; Takechi
et al., 1998). In models of PF LTD, mGluR-initiated sec-
ond messenger pathways have been proposed as a PF-Summary
specific signal (reviewed in Hansel et al., 2001). Immuno-
cytochemical studies show that mGluRs are also pres-In the cerebellum, metabotropic glutamate receptors
(mGluRs) are required for distinct forms of synaptic ent at CF synapses (Nusser et al., 1994; Petralia et al.,
1998); however, only AMPA receptor-mediated signalsplasticity expressed at parallel fiber (PF) and climbing
fiber (CF) synapses. At PF synapses, mGluR activation have been detected here (Batchelor et al., 1994; Tempia
et al., 1998), supporting the view that mGluRs are PFgenerates a slow synaptic current and triggers intra-
cellular calcium release; at CF synapses, mGluR acti- specific.
Despite the lack of functional evidence for mGluRvation has not been observed. This has led some inves-
tigators to propose that mGluR-dependent changes in activation at CFs, mGluR-dependent forms of synaptic
plasticity are expressed at both CFs and PFs. TheseCF synaptic strength are induced heterosynaptically.
Here we describe an mGluR-mediated response to CF include changes in PF synaptic strength such as PF LTD
(Aiba et al., 1994; Conquet et al., 1994; Ichise et al.,stimulation consisting of two parallel signaling path-
ways: one leading to a slow synaptic conductance 2000; Linden et al., 1991) and changes in CF synaptic
strength such as a nonassociative form of LTD at CFand the other leading to internal calcium release. This
additional target for glutamate broadens the signaling synapses (CF LTD) (Hansel and Linden, 2000), a short
term presynaptic depression of CF synapses mediatedcapabilities of CF synapses and raises the possibility
that changes in CF strength are homosynaptically trig- by retrograde signals to cannabinoid receptors (CF
cSTD) (Maejima et al., 2001), and the pruning of multiplegered.
CF inputs to Purkinje neurons during development (CF
pruning) (Ichise et al., 2000; Kano et al., 1997; LevenesIntroduction
et al., 1997). MGluRs have been proposed to serve in a
homosynaptic manner in PF LTD (Hansel et al., 2001).Two distinct excitatory pathways converge on Purkinje
neurons in the cerebellar cortex. Tens of thousands of The mechanism of mGluR involvement in the CF plastici-
ties (CF LTD, CF cSTD, and CF pruning) is unclear. BasedPF axons each make a single synaptic contact onto the
dendritic spines of a given Purkinje neuron. In contrast, on the assumption that functional mGluRs are confined
to PFs, it has been suggested that mGluR-dependentone CF axon synapses onto the proximal dendrites of
an adult Purkinje neuron, but this contact is extremely changes in CF strength are induced heterosynaptically
(Hashimoto et al., 2001; Maejima et al., 2001).strong, consisting of hundreds of release sites (Palay
and Chan-Palay, 1974). These two afferents allow for We report that group I mGluRs are activated in re-
sponse to CF stimulation, generating a slow EPSC andthe convergence of different types of information. PFs
encode a rich variety of sensory information and in- the release of calcium from intracellular stores. Our re-
sults show that the slow EPSC requires a basal level oftended motor commands, whereas the CF conveys a
signal indicating an error or an unexpected event of calcium but does not require release from stores. The
response is limited by the activity of glutamate trans-relevance to the motor system (Raymond et al., 1996).
This distinct architecture is important in motor learning porters, perhaps explaining why it has not yet been
described. MGluR activation at CF synapses first be-theory (Albus, 1971; Ito, 1989; Marr, 1969; Raymond et
al., 1996). In its capacity as an error signal, CF inputs comes detectable in the second week of postnatal de-
velopment, during the period of CF pruning (Hashimotoinstruct a form of associative synaptic plasticity that
results in a long-term depression of coactive parallel et al., 2000; Kakizawa et al., 2000). Activation of mGluRs
by CFs makes it possible that homosynaptic mecha-fiber inputs (PF LTD) (Ito, 1989; Linden et al., 1991; Ray-
mond et al., 1996). nisms underlie several forms of mGluR-dependent plas-
ticity expressed at CF synapses.At both PF and CF synapses, released glutamate
binds to glutamate-gated channels (AMPA receptors)
located in the postsynaptic density. Glutamate activates Results
an additional postsynaptic target at PFs, the metabo-
tropic glutamate receptors (mGluRs). This class of G Glutamate Released from CFs Activates AMPA
protein-coupled glutamate receptors is localized in a Receptors, Glutamate Transporters, and mGluRs
perisynaptic distribution encircling the postsynaptic CF responses were recorded under whole-cell voltage
clamp from Purkinje neurons in cerebellar slices at 32C–
34C prepared from 9- to 23-day-old rats. In order to1Correspondence: otist@ucla.edu
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Figure 1. Three Distinct Phases Are Evident
in the Climbing Fiber EPSC
Climbing fiber responses consist of three dis-
tinct, all-or-none currents: an AMPA-medi-
ated phase, a glutamate transporter medi-
ated phase, and a slow phase of the EPSC.
(A) With GABAA receptors blocked by 100 M
picrotoxin and AMPA receptors partially
blocked by 2 M DNQX in order to improve
voltage clamp, two superimposed responses
to stimuli just above threshold and just below
threshold demonstrate the sharp threshold
and all-or-none behavior of a climbing fiber
EPSC. In the inset, relative sizes of peak re-
sponses are displayed as a function of stimu-
lus intensity for three cells. Open circles indi-
cate AMPA receptor-mediated responses
recorded in 2 M DNQX, and open triangles
represent the peak of the slow responses that
remain after AMPA receptors are blocked by
25 M DNQX/12.5 M GYKI 52466. Error bars
represent 1 SD. The all-or-none nature of
both phases of the response indicates that
they are due to single climbing fibers.
(B) Responses from the same neuron using the same supra- and subthreshold stimulus intensities after blocking AMPA receptors with 25
M DNQX/12.5 M GYKI 52466.
(C) Addition of a glutamate transporter antagonist TBOA (100 M) reduces the fast phase of the current and enhances the slow phase of the
current. Superimposed traces elicited with the supra- and subthreshold stimulus intensities demonstrate the all-or-none nature of all phases
of the EPSC.
isolate glutamate-mediated currents from inhibitory The slower current component of the CF EPSC has not
been described, although it resembles a slow compo-synaptic currents, slices were bathed in the GABAA re-
ceptor antagonist picrotoxin (100 M). Furthermore, to nent of the EPSC at PF synapses evoked by brief trains
of stimuli (Batchelor et al., 1994; Brasnjo and Otis, 2001;improve voltage clamp of the large AMPA receptor-
mediated EPSCs, AMPA receptors were partially inhib- Reichelt and Knopfel, 2002; Tempia et al., 1998). In con-
trol solutions, CF synapses showed a discernable (5ited by including 2 M DNQX in the bathing solution.
Under these conditions, CF responses can be distin- pA) slow component in response to a single CF activa-
tion in 7 out of 22 cells, and the average amplitude inguished by their sharp stimulus threshold and all-or-
none behavior upon varying the stimulation intensity those cells was 13.3  3.4 pA. Below we present evi-
dence that, in cells where a single CF activation did not(Auger and Attwell, 2000; Otis et al., 1997; Perkel et al.,
1990). Figure 1 shows a response to CF stimulation result in a slow secondary response, active glutamate
uptake prevented this component of the EPSC. The slowrecorded in a Purkinje neuron from a 19-day-old rat. In
each panel of Figure 1, two traces are superimposed: component was seen in 78 out of 89 cells under a variety
of conditions in the experiments that follow.one was elicited by a suprathreshold stimulus capable
of evoking a CF EPSC, while the other was elicited by Inhibiting glutamate uptake with the glutamate trans-
porter antagonist TBOA (100 M) attenuated the fastan intensity just below the threshold for the CF input.
After blocking AMPA receptors with a combination of component of the EPSC (Figure 1C), confirming that it
was mediated in part by glutamate transporters (Auger25 M DNQX and 12.5 M GYKI 52466, an all-or-none
biphasic response remained in this cell (Figure 1B). The and Attwell, 2000). In contrast, inhibiting glutamate up-
take strongly enhanced the slow component (Figure 1C),fast current component remaining in AMPA receptor
antagonists is due, at least in part, to a glutamate trans- consistent with it being generated by activation of
mGluRs (Brasnjo and Otis, 2001). The average slow re-porter current (Auger and Attwell, 2000; Otis et al., 1997).
Figure 2. The Slow Component of the Climb-
ing Fiber Response Is Mediated by mGluR1
(A) As indicated by the control trace, re-
sponses recorded in the presence of GABAA
receptor (100 M picrotoxin), AMPA receptor
(25 M DNQX/12.5 M GYKI 52466), and glu-
tamate transporter (100 M TBOA) antago-
nists show an enhanced slow phase of the
climbing fiber EPSC. This slow phase is abol-
ished by the mGluR1-specific antagonist LY
367385 (50 M) and partially recovers upon
removal of LY 367385 (wash).
(B) Bar graph showing average effects of 50
M LY 367385 on the slow phases of climbing
fiber EPSCS in six cells.
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Figure 4. Glutamate Transporters Limit the Size of the CF mGluR
EPSC
(A) Example of a CF response recorded in AMPA receptor antago-
nists (25 M DNQX/12.5 M GYKI 52466). The slow, mGluR compo-
nent is absent in the control response, but application of 100 M
TBOA uncovers a latent mGluR EPSC.
(B) mGluR components contribute to CF EPSCs with potassium-
based pipette solutions. The control CF response in DNQX/GYKI
52466 shows a transporter current and a small mGluR-mediated
component of the EPSC. TBOA (100 M) enhances this component
and inhibits the transporter current.
To identify the receptor subtype responsible for theFigure 3. Kinetics of the mGluR Components of CF and PF EPSCs
slow component of the CF EPSC, we tested whether(A) The mGluR EPSC in response to a short train of CF inputs (four
stimuli at 20 Hz) in the presence of 100 M TBOA at 34C. inhibitors of mGluR1 could block the response. Figure
(B) An mGluR response recorded from a nearby Purkinje neuron 2 shows that this phase of the CF EPSC, even when
under the same conditions. The response was elicited by a train of enhanced with 100M TBOA, was completely abolished
10 stimuli (100 Hz) delivered to the PFs. by 50 M of the mGluR1-selective antagonist LY
(C) An overlay of the traces in (A) and (B) show that these stimuli
367385 (n  6). This inhibition was partially reversedgave rise to mGluR EPSCs with similar amplitudes but different time
(57.0%  11.4%) in the three cells tested. Small hyper-courses.
polarizing voltage jumps before and during the response
indicated an increase in conductance, and an extrapo-
lated reversible potential near10mV (data not shown).sponse to a single CF activation recorded in the pres-
ence of TBOA was over 10-fold larger (peak amplitude) This is consistent with the response being mediated by
a nonselective cation channel, as has been found withthan in control solutions (n  22).
The enhancement of the slow component of the CF mGluR agonist-evoked responses (Canepari et al., 2001;
Hirono et al., 2001; Tempia et al., 2001).EPSC resembles the effect of transporter antagonists
on PF EPSCs evoked by trains of stimuli (Batchelor et These results demonstrate that single action poten-
tials in CF afferents can activate mGluRs on Purkinjeal., 1994; Brasnjo and Otis, 2001; Reichelt and Knopfel,
2002; Tempia et al., 1998); therefore, we considered neurons and that inhibiting glutamate uptake enhances
these signals. The mGluRs responsible for the slow com-whether this slow current could be mediated by inadver-
tent stimulation of PF inputs. This was not the case ponent of the CF EPSC could be perisynaptically located
at CF synapses (Nusser et al., 1994; Petralia et al., 1998).because small reductions in the stimulus intensity al-
ways led to simultaneous failure of both components of Alternatively, mGluR activation by CFs could require
that glutamate released from CF terminals spill over tothe current (Figure 1C). This was systematically exam-
ined in three cells and summarized in the inset of Figure mGluRs located perisynaptically at PFs. Increasing the
distance between a release site and target receptor1A, which shows a comparison of the relative response
size versus stimulus intensity for the AMPA receptor- would lead to a lower glutamate concentration and a
longer diffusional delay, thus slowing the rise time ofmediated component and for the slow component re-
corded after blocking AMPA receptors and enhancing the response. Comparison of kinetics of CF mGluR
EPSCs and PF mGluR EPSCs recorded under similarthe response by inhibiting glutamate transport. All com-
ponents of the response showed a similar sharp thresh- conditions (Figure 3) showed that CF mGluR EPSCs rise
faster (time to peak: CF, 282 48 ms, n 10; PF, 676old in each cell, indicating that a single CF input gave
rise to all phases of the response, an AMPA receptor- 152 ms, n  4; p  0.001) and decay faster (1/2 decay:
CF, 213  84 ms, n  10; PF, 862  338 ms, n  4; p mediated current, a glutamate transporter current, and
the mGluR-like current. 0.001). When single stimuli rather than trains were used
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Figure 5. The mGluR Component of the Climbing Fiber EPSC First Becomes Detectable during the Second Postnatal Week
(A) Examples of CF EPSCs at three different postnatal ages. These responses are dominated by the AMPA receptor-mediated component,
and multiple inervation is evident in the younger two groups in response to varying the stimulus intensity (0–250 A). The amplitude scale
bar represents 180 pA, 340 pA, and 2 nA for the first, second, and third columns, respectively.
(B) Comparison of the relative sizes of the mGluR-mediated components of the EPSC for the three age groups. Data have been obtained in
DNQX/GYKI 52466 and TBOA and four suprathreshold stimuli were applied to the CF.
to activate a CF, this also gave rise to an mGluR EPSC transporter inhibition, this component is strongly en-
hanced. Similar results were obtained from five otherthat was significantly faster than PF mGluR EPSCs (rise,
207  58 ms; decay, 192  97 ms). While the faster rise cells. These findings argue that mGluR activation occurs
under physiological conditions in response to a singletime of the CF mGluR EPSC could possibly result from
a higher concentration of glutamate reaching the PF CF activation.
mGluRs via spill over from the CF, one would not expect
the faster decay we observed. These kinetic differences Development of mGluR Responsiveness
to CF Activationimply that the CF input activates mGluRs near the CF
synapse, consistent with the reported localization of Early in development, Purkinje neurons are innervated
by multiple CF axons, whereas most adult Purkinje neu-mGluR1 in a perisynaptic pattern at CF synapses (Nus-
ser et al., 1994; Petralia et al., 1998). rons have a single CF input. In rodents this process of
pruning begins in the first postnatal week of develop-As discussed above, some CFs did not show evidence
of mGluR activation in response to single stimuli under ment and is completed by the end of the third postnatal
week (Crepel, 1982; Hashimoto et al., 2000, 2001). Thiscontrol conditions. However, we found that stimulation
with short trains of stimuli (four pulses at 20 Hz) leads to form of synapse elimination is delayed or disrupted in
mice deficient of mGluRs (Ichise et al., 2000; Kano etlarger responses. Nearly all synapses examined (78/89),
showed an mGluR EPSC in the presence of a glutamate al., 1997; Levenes et al., 1997) or downstream signaling
molecules such as G protein q (Offermanns et al., 1997),transporter inhibitor (100M TBOA). These findings indi-
cate that mGluR EPSCs are latent at some CFs (Figure phospholipase C	4 (Kano et al., 1998), or protein kinase
C (Chen et al., 1995; De Zeeuw et al., 1998; Kano et4A), and suggest that a pool of mGluRs can be activated
to a greater extent when glutamate transporters are al., 1995). The mechanisms by which mGluR signaling
affects CF pruning are not understood, but our observa-bound by antagonist or by previously released glu-
tamate. tion that mGluRs are activated by CFs raises the possi-
bility that CF pruning might be induced in part by homo-Much of the data presented to this point were col-
lected with a cesium-based pipette solution. Cesium synaptic mechanisms (but see Crepel, 1982; Kakizawa
et al., 2000; Rabacchi et al., 1992b).could slightly impair glutamate uptake if it does not
couple to the transport cycle as effectively as potas- We explored the developmental timing of mGluR con-
tributions to the CF EPSC under conditions that max-sium. To rule out the possibility that mildly impaired
glutamate transport is giving rise to the CF mGluR re- imized mGluR signals. Despite inhibiting glutamate
transport and stimulating the synapses with trains (foursponse, experiments were conducted with K
-based
pipette solutions. Figure 4B shows an example re- pulses at 20 Hz), mGluR components could not be de-
tected in the CF EPSCs early in the period of CF pruningcording conducted under these conditions. An mGluR
EPSC is clearly evident in control solution; following (postnatal day [P] 9–10) (Kakizawa et al., 2000) but ap-
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peared starting on P11. The mean current measured
between 300 and 350 ms after the beginning of the
stimulus was used as a measure of mGluR activation.
At P9–P10 this measured 1.4  1.4 pA (n  6) (Figure
5, column 1), at a slightly later age (P11–P14) it was
29.4  26.5 pA (n  7) (Figure 5, column 2), and at
P15–P23 it was 86.3 73.4 pA (n 14) (Figure 5, column
3). Examples of the mGluR currents in selected cells are
displayed as a function of development (bottom row)
along with the level of CF innervation (top row) in Figure
5. This abrupt onset of mGluR function cannot be
accounted for entirely by the growth of postsynaptic
membrane. On average, the amplitude of AMPA EPSCs
increased 289% between P9–P10 and P15
; by com-
parison, the mGluR EPSCs increased 6100% over this
time period. The onset of mGluR function matches the
appearance of immunoreactivity at the synapse (Petralia
et al., 1998) and correlates with the mGluR-sensitive
period of CF pruning (Hashimoto et al., 2001; Ichise et
al., 2000; Kano et al., 1997). The observation of functional
mGluRs in this critical period of synapse elimination is
consistent with the hypothesis that activation of mGluRs
at CF synapses could participate in CF pruning, although
it does not rule out established heterosynaptic roles for
parallel fiber inputs (Crepel, 1982; Hashimoto et al.,
2001; Kakizawa et al., 2000; Rabacchi et al., 1992a).
CF Activation of mGluRs Results in Elevated
Intracellular Ca2
MGluR activation at PF synapses stimulates phospholi- Figure 6. Intracellular Ca2
 Signals Associated with the CF mGluR
pase C, converting phosphatidylinositol 4,5-bisphos- EPSC
phate (PIP2) into the second messengers IP3 and diacyl- (A) CF inputs were stimulated with a train of four pulses delivered
at 20 Hz. An average response recorded in the presence of 25 Mglycerol. IP3 can then trigger IP3-receptor-mediated
DNQX, 12.5 M GYKI 52466, and 100 M TBOA is shown along withrelease of Ca2
 from intracellular stores. To directly as-
the block of that response by 50 M LY367385. The incompletelysess whether CF activation of mGluRs is capable of
blocked rapid transporter currents and the slower mGluR compo-
raising internal calcium, we loaded Purkinje neurons nent of the EPSC are easily distinguishable.
with the Ca2
-indicator dye Oregon Green 488 BAPTA-1 (B) Time course of the associated change in fluorecence reported
and used a photodiode detection system to measure as F/F. The time scale is the same as for the slow EPSC shown
above. LY 367385 also blocked the fluorescence signal as shownfluorescence. In the presence of AMPA antagonists, the
in the second trace.mGluR EPSC was indeed accompanied by a rise in intra-
cellular calcium (Figure 6; mean peak F/F was 3.9% 
2.2%, n 4). The mGluR antagonist LY367385 abolished
both the mGluR component of the EPSC and the calcium depolarizations elicited large increases in fluorescence.
signal (50 M LY367385, 92.8%  7% inhibition, n  4). Despite the nearly complete block of intracellular re-
These results indicate that CF activation of mGluRs is lease, mGluR EPSCs persisted, though they were signifi-
capable of initiating rises in intracellular Ca2
 that may cantly reduced (84.3  52.6 pA versus 213  100 pA in
be critical for various forms of CF plasticity. control, n  5, p  0.027). If the Purkinje neuron was
then briefly depolarized (to 0mV for 0.5 s), basal Ca2

levels were raised, as indicated by increased baselineThe Ca2 Transient Is Due to Release from Stores,
fluorescence, and the mGluR EPSC was enhancedbut It Is Not Required for the mGluR EPSC
(193  71 pA, n  3). In fact, within single cells theThe previous data show that CF activation of mGluRs
amplitude of the mGluR EPSC was strongly correlatedleads to a rise in internal calcium, either as a result of
with increasing basal levels of calcium (Figure 7D). Thisinflux through Ca2
-permeable channels or because of
enhancement of the mGluR EPSC was not accompaniedrelease of Ca2
 from intracellular stores (Finch and Au-
by recovery of intracellular Ca2
 release. To further con-gustine, 1998; Takechi et al., 1998). To discriminate be-
firm that the mGluR EPSC is generated independent oftween these two potential sources, intracellular stores
release from internal Ca2
 stores, we recorded the EPSCwere acutely depleted by bath application of 10 M
after incubation of slices in 10 M thapsigargin for 30–thapsigargin and 10 mM caffeine. As shown in Figure
120 min with 10M thapsigargin in the recording pipette7, the associated Ca2
 transients measured with Oregon
(thapsigargin, 162  159 pA, n  6; control, 86.3 Green were abolished in these cells (12.6%  12.7% of
73.4 pA, n  14, not significantly different). These datacontrol, n 5, p 0.001). This was not due to saturation
demonstrate that the mGluR-initiated Ca2
 signals origi-of the dye, as the baseline fluorescence after thapsigar-
gin/caffeine treatment was similar to control, and brief nate from intracellular stores. In addition they show that
Neuron
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Figure 7. CF mGluRs Trigger Release from
Internal Stores, but This Is Not Required for
the Slow EPSC
(A) CF inputs were stimulated with a train of
four pulses delivered at 20 Hz. An average
response recorded in the presence of 25 M
DNQX, 12.5 M GYKI 52466, and 100 M
TBOA is shown for three different conditions.
They are control, after 5 min in 10 M thapsi-
gargin plus 10 mM caffeine, and after a brief
voltage step to 0mV for 0.5 s after bathing in
10 M thapsigargin plus 10 mM caffeine for
10 min.
(B) The corresponding calcium signal for the
same three conditions expressed asF/F and
on the same time scale as in (A). (For display
purposes the signals have been baseline sub-
tracted.)
(C) Summary bar graph for these three condi-
tions.
(D) A plot of the CF mGluR EPSC amplitude
versus the prestimulus level of fluorescence
in an example cell. Different prestimulus lev-
els of fluorescence, shown by the filled cir-
cles, were achieved with brief voltage steps to 0mV delivered at various intervals before the stimulus. Prestimulus fluorescence intensities
were measured during a 50 ms window preceding the CF activation and expressed as a percent of the mean value of this measurement in
four sweeps before any voltage jumps were given (open circles). Linear regression analysis of the points after the voltage jump results in a
correlation coefficient (R2 ) of 0.81.
the slow EPSC, although sensitive to intracellular Ca2
 Discussion
levels, does not require intracellular Ca2
 release.
We describe mGluR activation by the climbing fiber input
to Purkinje neurons. This synaptic response consists ofCF mGluR EPSCs Require Basal Intracellular Ca2
but Do Not Require a Rise in Intracellular Ca2 a slow EPSC and release of Ca2
 from internal stores.
Although the slow EPSC is Ca2
 dependent it does notTo further explore the relationship between the CF
mGluR EPSC and intracellular Ca2
, we tested the ef- require intracellular Ca2
 release, suggesting that the
synaptic conductance and Ca2
 release mechanismsfects of buffering intracellular Ca2
 to varying degrees.
CF EPSCs were examined after at least 15 min in whole- occur through independent pathways. Increases in
basal Ca2
 appear to facilitate the coupling betweencell mode in the presence of 100 M TBOA with either
a control pipette solution with 1 mM EGTA (low buff- mGluRs and the slow conductance. We further show
that activation of mGluRs by CFs is under the regulationering), one containing 20 mM BAPTA (high buffering, no
free Ca2
), or one containing 20 mM BAPTA and 10 of glutamate transporters, which may explain why this
component of the CF response has not yet been ob-mM Ca2
 (high buffering, 100 – 300 nM free Ca2
). As
indicated in Figure 8, the mGluR component was abol- served (Batchelor and Garthwaite, 1997; Reichelt and
Knopfel, 2002; Tempia et al., 1998).ished in cells dialyzed with 20 mM BAPTA, whereas 1
mM EGTA-filled cells showed a slow phase of the EPSC.
Interestingly, strong buffering with added Ca2
 did not CF Activation of mGluRs Leads to Divergent
Signaling Cascadesblock the mGluR EPSC (control cells, 80.3  68.3 pA,
n  17; BAPTA-only-filled cells, 3.0  23.5 pA, n  9; We find that CF activation of mGluRs generates intracel-
lular Ca2
 release and a slow EPSC, but that the twoBAPTA plus Ca2
, 144 107 pA, n 5, one-way ANOVA,
p  0.0017; Bonferroni post-tests indicate the BAPTA- events are independent. Neither depletion of internal
stores nor strong buffering of internal Ca2
 to a fixedonly condition is significantly different from the other
two conditions, p 0.05). These data show that fluctua- level abolished the mGluR EPSC. In addition, we found
no effect of the phospholipase C inhibitor U73122 ontions in intracellular Ca2
 are not required for the CF
mGluR EPSC, but that a basal level of Ca2
 is necessary. the CF mGluR EPSC, consistent with experiments on the
PF mGluR EPSC and mGluR agonist-evoked currentsTaken together with the thapsigargin/caffeine experi-
ments, these results indicate that mGluRs activated by (Hirono et al., 1998, 2001; Tempia et al., 1998; but see
Netzeband et al., 1997). The resilience of the CF mGluRCFs initiate two divergent signaling cascades; one in-
volving release of Ca2
 from intracellular stores and the EPSC to these manipulations suggests divergent path-
ways lead from mGluR activation to the Ca2
 rise andother leading to the CF mGluR EPSC. Intracellular re-
lease of Ca2
 is likely to result from IP3 production by the slow EPSC.
phospholipase C. However, divergence of the two path-
ways seems to occur before phospholipase C activation, CF mGluR EPSCs Appear during the Period
of CF Synapse Eliminationas bath application of 10 M U73122 for 10–15 min had
no effect on the CF mGluR EPSC (99.1  11.3% of CF synapse elimination occurs in rodents in a short
period of time between the first and third postnatalcontrol, n  3, p  0.903, data not shown).
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challenge the involvement of NMDA receptors (Kaki-
zawa et al., 2000; Rabacchi et al., 1992a) in CF pruning.
However, the findings are consistent with a model in
which CF activation of mGluRs participates in CF syn-
apse elimination. Considering the evidence that there
are distinct phases of CF pruning (Hashimoto et al.,
2001; Kakizawa et al., 2000), a homosynaptic mecha-
nism may play a role during a discrete phase of this
process. Future experiments examining the relative
sizes of mGluR components in multiply innervated cells
could strengthen this hypothesis.
A Retrograde Form of Presynaptic Inhibition
of CFs Mediated by Cannabinoid Receptors
Recently a short-term form of presynaptic depression
(CF cSTD) was described for CF synapses (Maejima et
al., 2001). Activity of mGluRs on Purkinje neurons can
generate a retrograde signal to cannabinoid receptors
located on CF presynaptic terminals, causing a reduction
in glutamate release. In this study, conditioning trains of
PF activity were capable of eliciting CF cSTD, suggesting
that under physiological conditions PFs can induce a het-
erosynaptic short-term depression of CFs. The present
results raise the possibility that this retrograde signaling
mechanism could also occur homosynaptically and
function as a feedback inhibitory mechanism that limits
glutamate release following high-frequency bouts of CF
activity.
Long-Term Depression at the CF Synapse
A form of CF LTD has been described which can be
evoked with low-frequency stimulation of the CF syn-
apse, is mGluR dependent, and requires elevation of
Figure 8. CF mGluR EPSCs Do Not Require Rises but Do Require postsynaptic Ca2
 (Hansel and Linden, 2000). However,
Basal Intracellular Calcium
it remains unclear how mGluR activation induces
CF-activated mGluR EPSCs were elicited using control pipette solu- changes in CF strength if mGluRs are only functional at
tions and pipette solutions containing either 20 mM BAPTA or 20
PF synapses. Our findings provide a simple homosynap-mM BAPTA plus 10 mM Ca2
. Slices were bathed in 100 M PTX,
tic mechanism for mGluR involvement in CF LTD. Due2 M DNQX, and 100 M TBOA, and CFs were stimulated with brief
trains (four stimuli at 20 Hz). to the protection of mGluRs by glutamate transporters,
(A) An example of a response in a control cell recorded at 15 min presynaptic trains of stimuli are more effective at signal-
after breakthrough. ing mGluRs than single stimuli. CF activity will cause
(B) An example of a response in a cell dialyzed with 20 mM BAPTA postsynaptic Ca2
 to rise by two separate mechanisms,
at 15 min after breakthrough.
through voltage-gated Ca2
 channels and through the(C) An example of a response in a cell dialyzed with 20 mM BAPTA
mGluR-initiated release of intracellular Ca2
 describedplus 10 mM Ca2
 at 15 min after breakthrough.
(D) Summary of the three conditions, error bars represent SEM. in this study. Although the relative contributions for
these two Ca2
 sources in triggering CF LTD are not
clear, the frequency dependence of CF LTD suggests
that the mGluR-initiated pathway may play an importantweeks of development (Crepel, 1982; Hashimoto et al.,
role. The developmental onset of functional CF mGluRs2000, 2001; Kakizawa et al., 2000; Rabacchi et al.,
and their possible role in CF LTD suggests that CF LTD1992a). The developmental time course of the CF mGluR
may be involved in CF synapse elimination (Hansel andsignal described in this study indicates that it may play
Linden, 2000; Hansel et al., 2001).a role in CF synapse elimination. We find that early in
the second postnatal week of development mGluRs do
not participate in the CF synaptic response. At the end Localized Activation of mGluRs May Determine
the Site of Plasticityof the second week of development, mGluR-mediated
currents appear, and some synapses that are multiply We demonstrate that activation of mGluRs by CFs trig-
gers release of Ca2
 from internal stores, similar toinnervated have mGluR components (Figure 5). Thus,
although AMPA receptors are present long before syn- mGluR activation at PF synapses (Finch and Augustine,
1998; Takechi et al., 1998; Tempia et al., 1998, 2001). Inapse elimination, mGluR signaling machinery becomes
functional during the period of CF pruning. These results addition, we show that CF stimulation gives rise to a
slow mGluR-mediated EPSC, also analogous to resultsare correlative and do not preclude the well-established
role for mossy fiber-granule cell-Purkinje neuron signal- found by stimulating PFs (Hirono et al., 1998; Reichelt
and Knopfel, 2002; Tempia et al., 1998, 2001; Brasnjoing (Crepel, 1982; Hashimoto et al., 2001) nor do they
Neuron
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fiber responses were evoked by placing the same type of stimulatingand Otis, 2001). Exogenous applications of mGluR ago-
electrode in the molecular layer. All recordings were performed atnists, a stimulus that does not distinguish between
holding potentials of 70 to 90 mV.mGluRs at CFs and PFs, also evokes increases in Ca2

and slow mGluR EPSC-like currents (Hirono et al., 1998, Intracellular Ca2 Measurements
2001; Staub et al., 1992; Tempia et al., 2001). The similari- Single Purkinje neurons were loaded with the Ca2
 indicator Oregon
ties between all of these types of mGluR-mediated re- Green 488 BAPTA-1 (50–200 M; Molecular Probes) by including
the dye in a pipette solution consisting of 140 mM CsCl, 10 mMsponses suggest that Purkinje neuron mGluRs initiate
HEPES, 10 mM TEACl, 1 mM EGTA, 4 mM disodium-ATP, 0.4 mMthe same intracellular signaling cascades wherever they
NaGTP, and 2 mM MgCl2. A photodiode detector system (UDT-are located. Although they do not rule out alternatives,
11, UDT Sensors Inc.) was mounted on a Zeiss Axioscope and
our findings are consistent with a common induction photocurrents were amplified and converted to voltage signals by
mechanism for homosynaptic plasticity at CFs (CF LTD) the headstage of a patch clamp amplifier (Axoclamp 1D, Axon Instru-
and associative plasticity at PFs (PF LTD). In this hypoth- ments). Analog fluorescence signals were filtered at 20–100 Hz and
digitized at 5–10 KHz in parallel with the membrane current signals;esis, two events are necessary to induce LTD. CF activa-
for display purposes, the photocurrents in Figures 6 and 7 weretion provides a depolarization-induced influx of Ca2
,
digitally filtered at 100 Hz with an eight pole Bessel filter. All datawhile mGluR activation determines the locus of depres-
are reported as the change in fluorescence divided by baseline
sion. A threshold level of mGluR activation, not achieved fluorescence (F/F).
in response to single CF stimuli, may explain the require-
ment for trains of CF stimuli to elicit CF LTD. Data Analysis
Data analysis was performed using PCLAMP 8.0 (Axon Instruments,
Inc.) or with routines written in Igor Pro 3.1 (Wavemetrics, Inc., LakeConclusions
Oswego, OR). All reported variability represents 1 SD. Student’sOur finding that mGluRs are activated by CFs expands
t test or ANOVA with Bonferroni post-tests were used to determinethe signaling capabilities of this important synaptic input
p values.
and could explain the mGluR dependence of a number
of forms of synaptic plasticity that have been described Acknowledgments
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